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Abstract

The bis(trifluoromethylsulfonyl)imide anion is widely used as an ionic liquid anion due to its
electrochemical stability and wide electrochemical potential window at aerobic conditions. Here
we report an innovative strategy by directly oxidizing bis(trifluoromethylsulfonyl)imide anion to
form a radical electrocatalyst on platinum electrode at anaerobic condition. The /n situ generated
radical catalyst was shown to catalytically and selectively promote the electrooxidation of
methanol to form methoxyl radical, in which the formation potential was drastically decreased
with the existence of bis(trifluoromethylsulfonyl)imide radical. The electrochemically generated
radical catalyst not only facilitates the oxidation of methanol but also provides good selectivity.
The unique double layer structure of the 1-butyl-1-methylpyrrolidinium
bis(trifluoromethylsulfonyl)imide ([Bmpy][NTf5]) likely excludes the diffusion of larger molar
mass molecules onto the electrode surface and enables the highly selective methanol oxidation at
this IL—electrode interface. Cyclic voltammetry (CV) experiments were used to systematically
characterize the details of the electrochemical processes with and without methanol in several
other ILs, and a mechanism of the chemical and redox processes was proposed. This study
provides a promising new approach for utilizing the unique properties of ionic liquids not only as
solvents and electrolytes but also as the medium for /n situ generation of electrocatalysts to
promote methanol redox reactions for practical applications.
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INTRODUCTION

The increasing need for clean energy has driven the interests in developing cleaner/greener
methods for both energy production and chemical synthesis. Owing to its ease to control the
electrochemical energy conversion, the study of the electrochemical properties of electrode
and advanced materials has received significant research interest especially those related to
fuel cell applications.! Methanol is an important chemical and also the raw material for
synthetic hydrocarbon products. Fuel cells using methanol as the energy source have
undergone significant development.2-3 The mechanism of methanol oxidation in water using
Pt electrocatalyst has been extensively investigated.* For example, it was reported that
methanol oxidation in aqueous electrolyte produces CO» by a transfer of six electrons and
six protons.>:6

CH30H+H,0 — CO2+6H"+6e™ (1)

Equation 1 is also the ideal anode reaction in direct methanol fuel cells (DMFCs). DMFCs
are promising candidates for use as a power source due to their high energy density,
relatively low operating temperatures, and zero emission of pollutants.”~10 However, issues
such as insufficient durability of the Pt-based catalysts and slow methanol electrooxidation
kinetics remain a challenge for the wide application of DMFCs.11:12 The platinum catalysts
also undergo poisoning by the CO-like intermediates that were produced by the oxidation of
methanol.13 To overcome these problems, new electrochemical systems which can increase
the kinetics of methanol oxidation are of significant fundamental and applied interests.

There are typically two ways to generate electrocatalysts: one is by structural or chemical
modifications of the electrode surface, and another is by the interface reactions in the
electrolyte.1415 Our early work and others show that ILs can facilitate a unique electrode—
electrolyte interface formation.16:17 We hypothesize that new catalytic reactions can be
generated /n situ at the IL—electrode interface utilizing both above pathways for oxidizing
common fuels such as methanol. Nonaqueous organic IL electrolytes can promote radical
catalysts for electron transfer reactions since ILs can stabilize radical cations and anions by
electrostatic and van der Waals forces.18 ILs are also excellent solvents that have high
solubility for small organic molecules (i.e., methanol, ethanol, formaldehyde, formic acid,
etc.) which are the energy materials for fuel cells.1%-20 Our early work shows that at
platinum electrode in bis(trifluoromethylsulfonyl)imide (NTf,) based ILs facile methane
electro-oxidation was observed at room temperature in the presence of air, suggesting a
unique catalytically active Pt-NTf;, interface for electron transfer reaction of methane.2! It is
suggested that NTf,~ can adsorb on the platinum metallic oxide surface?? and coordinate
with platinum to form an organic complex2® which served as an catalyst for methane
oxidation.24.25 Additionally, ILs could provide a strong polar environment, wherein the C-H
and C-C bond can be activated electrostatically which is also beneficial to promote methane
oxidation.2628 Here, we explored a new approach to /n situ electrochemically generate a Pt—
NTf,- surface catalyst and thoroughly characterized its use for catalytic oxidation of
methanol at anaerobic condition. The NTf, anion is widely used in organic chemistry.
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Lancaster et al. investigated the importance of the cation choice among different NTf, based
ILs and discovered that different cations will affect the selectivity, yield, and reaction time of
electrophilic aromatic nitration, and the NTf,™ anions are critical for high yield nitration of
toluene by acyl nitrates.29 On the cation side of the selection, it is shown that imidazolium-
based cations have a poor cathodic stability limit and phosphonium cations typically have
high viscosity; thus, pyrrolidinium cation 1-butyl-1-methyl-pyrrolidinium (Bmpy*) was
selected. Such ILs have shown promising ionic conductivity and electrochemical stability.30

In this work, we systematically characterized the redox reactions of constituent anions (i.e.,
NTf,7) in [Bmpy][NTf,] with and without the presence of methanol and compared the
electrochemical behaviors in other control ILs. Our study shows that the /n sifu generated
radical catalysts at the Pt surface can mediate the selective oxidation of the methanol, similar
to the proton source in water solvent conditions. We intend to illustrate an exciting example
that ILs not only are solvents and electrolytes but they can serve as active medium for
controlled electro-chemistry to generate electrocatalysts /7 situ for promoting important
redox chemistries such as methanol oxidation that is described in this report.

EXPERIMENTAL SECTION

Chemicals and Reagents

1-Butyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl)imide ([Bmpy][NTf,], 99%), 1-
butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide ([Bmim][NTf,], 99%), and 1-
butyl-3-methylimidazolium tetra-fluoroborate ([Bmim][BF4], 99%) were purchased from
IOLITEC Inc. Methanol (99.9%), ethanol (99.9%), acetone (99.9%), and isopropanol
(99.9%) were purchased from Sigma-Aldrich without further purification.

Measurements

Platinum working electrode (diameter = 2 mm) was purchased from CH Instrument Inc. and
polished to a mirror-like plane with 0.5 and 0.05 pm alumina slurries, followed by extensive
washing with DI water and ethanol, and then dried under nitrogen gas. A conventional
electrochemical cell was purposefully designed to facilitate the proper positioning of three
electrodes. The surface of the working electrode was drop coated before measurement with
200 L of the IL. Two platinum wires with a diameter of 0.5 mm were used as the counter
and quasi-reference electrodes. The distance between reference and working was maintained
in constant distance of 2 mm to minimize the effects of electrolyte resistance. Specific
concentrations of analyte were introduced on top of the IL with nitrogen as the carrier gas.
All potentials used in this work were versus platinum. Infrared spectra were recorded on a
Varian FTS 7000 FT-IR spectrometer. Electrochemical quartz crystal micro-balance
(EQCM) experiments were performed with an electrochemical potentiostat for
electrochemical control interfaced with a Maxtek research quartz crystal microbalance
(RQCM) instrument for the frequency measurements. A 10 MHz Pt QCM electrode
(International Crystal Manufacturing Company, Inc.) was used as the working electrode.

All electrochemical measurements were performed on a Gamry potentiostat running
Windows XP (Gamery Instrument). The total gas flow was maintained at 200 sccm
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(standard cubic centimeters per minute) by digital mass-flow controllers (MKS Instruments,
Inc.). Two gas paths were used to adjust the volume ratio of the testing gas flows, in which
one was used to control the background gas (N5) flow and the other was used to control the
analyte gas flow to reach specific concentration calculated by corresponding saturated vapor
pressure. Volume percent concentration (v/v)% was used for the concentration of analytes in
this work.

RESULTS AND DISCUSSION

In Situ Generated Pt Catalysts by Redox Reactions of NTf,~ Anion

ILs composed of organic cation or anion are typically more electrochemically stable than
other nonaqueous electrolytes providing a much wider potential window. The
bis(trifluoromethanesulfonyl)imide (NTf,™) anion is widely used as an IL forming anion
which has a notable electrochemical stability.2> It has been reported that 1-ethyl-3-methyl-
imidazolium bis(trifluoromethanesulfonyl)imide can tolerate an anodic potential of 6 V vs
RHE on a tungsten substrate.29 However, the anion can be oxidized at a high anodic
potential, and the cation can be reduced at a high cathodic potential as well. Rather than
minimize the redox activities of the electrolytes and/ or solvents as in most electrochemical
system, the electrochemical activities of the IL electrolytes were explored here to generate
radical precursors to form active species at the electrode interface to promote and control the
desirable reactions. As shown in Figure 1a, ionic liquid [Bmpy][NTf,] can be
electrochemically oxidized at Pt electrode in an inert nitrogen environment at small potential
window by multiple CV cycles. The CV cycles in Figure 1a were obtained by first setting
potential at 0 V vs Pt quasi-reference electrode and scanned to —1.4 V, and then the potential
was cycling between —1.4 and 1.4 V to obtain multiple CV plots. Since oxygen cannot be
removed completely from the electrochemical system, a small oxygen reduction and
superoxide oxidation peak pair 1/1” at —1.0 V was observed due to the presence of trace
amount oxygen.3! Previous studies have shown that oxygen can be reduced in these ILs at
the potential of (-1.0 to —1.2 V) at platinum surface,32-33 similar to those shown in Figure
l1a. The reduction of Pt—O could lead to the accumulation of oxygen on the electrode surface
and cause a small increase of oxygen radical formation current in 1/1” peaks at subsequent
potential cycles.

The oxidation of NTf,~ anion can lead to the formation of NTf,- radical.34 Here, peak 1l is
the oxidation of NTf,™ anion for forming NTf,- radical, which shows partial reversibility
with a much smaller reduction current of peak I11°. The NTf,: radical formed is likely
adsorbed on the Pt electrode and results in the appearance of peak 11/11” at 0.1 V.
Interestingly, the peak pair 11/ 11" gradually increased with each CV cycle and reached a
constant value after 30 cycles (as shown in the charge plot in Figure 1b peak 11/11"). The
appearance of peak Il should be directly related to peak Ill, in which the NTf,™ anions were
oxidized to form NTf,- radicals. Figure S1 (Supporting Information) shows different
potential windows of the CV data obtained in [Bmpy][NTf5,], which confirmed that the
appearance of peak Il required the anodic electrode potential to be at or larger than that of
peak Il potential (Figure S1b,c). Figure S1d further proved that the appearance of peak Il
did not have direct relation to peak | because no significant difference was observed for the
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current response of peak Il compared to Figure S1c when potential limits were in the range
of (-0.6to 1.6 V).

Figure 1b shows the integrated charges (Q) of peak 11/11” and peak I111/I11" obtained from
different CV cycles in Figure la. It was found that the oxidation charge (peak Il in Figure
1b) of NTf,™ anions was equal to the reduction charge (peak 11" + 111") of NTf, and Pt—
NTf, radicals except for the first few CV cycles. The loss of reduction charge in the initial
cycles should indicate a surface adsorption process before the establishment of an
equilibrium for Pt-NTf, radicals. Figure S2 presents the peak currents vs scan rates result
for the redox process of Pt—NTf,- radicals. A linear relationship between peak currents of
peak 11/ 11" and scan rates was obtained, which confirmed that the Pt—-NTf,- radical redox
reaction was a surface process arising from the Pt-NTf,- surface layer on Pt electrode.

The cycle numbers are not the only factor that affects the amount of NTf,- radicals formed.
The final anodic potentials are shown to affect the amount of NTf,- radical produced during
the CV scanning. Different potential windows of CVs have been used to characterize how
much NTf,- radical can be produced at different anodic potentials. Figure S3a shows the CV
curves at the 50th cycle with different potential windows. Figure S3b compared the total
charge of peak Il obtained for each experiment at different anodic potentials. The
appearance of peak 11/11” required an anodic potential more positive than 1.4 V, which
means 1.4 V is the potential where NTf,™ anions start to be oxidized and form NTf,-
radicals. It is reasonable that more positive anodic potentials will provide higher energy for
oxidizing NTf,™ anions to NTf,: radicals and lead to a higher amount of NTf,- radicals
formed.

As an efficient coordinating anion, when NTf,™ is oxidized to NTf,- radical, the Pt—-NTf,-
coordinate complex is likely formed in the absence of other ligands on Pt.3%:36 The reduction
of Pt—=NTf,- will cause the desorption of some NTf,™ anions during the cathodic scan. As
shown in the multiple cycle CV experiments (Figure 1a), the peak current of peak 11/11” kept
increasing until a dynamic equilibrium was established. In addition, the surface process is
selective and only occurs at Pt electrode. No such electrochemical phenomena were
observed at Au electrode (Figure S4). Thus, platinum is critical in the reaction mechanism
proposed. FT-IR was used to verify the adsorption of NTf,- radical on platinum electrode, as
shown in Figure S5. However, no obvious peaks related to the formation of Pt—NTf,- were
observed during 50 CV cycles. It is likely that the amount of NTf,- radical formed is small
which is beyond the FT-IR sensitivity to measure. However, additional data analysis for peak
[1/11” vs scan rates for the first three cycles shows that the peak current is linear with scan
rate in all these cycles confirming the processes is a surface-controlled process (Figure S2).
In addition, the EQCM experiment also confirmed that formation of Pt—NTf in peak 11/11”
region (details see Figure S6). Thus, we rationalized the processes related to peak Il to the
reactions between the Pt surface and NTf,- detailed in eqs 2—4.

NTf;"—e™ <> Ntfy - (peakIIl) (2)
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NTfy - +Pt ¢ Pt—NTfy-  (3)

Pt—NTfy - +e~ ¢ Pt—NTf,~ (peakII/II') ()

Since the catalyst is generated /77 sity, it is more important to validate the results that are
reproducible than their long-term stability. We have tested more CV cycles to validate the
reproducibility of the generation of Pt—-NTf, catalyst in IL, as shown in Figure S7. The peak
current of 11/11” remained stable after 1000 CV cycles which further proved the high
reproducibility of the /in situ generated catalyst in this system. There was a small potential
drift which was due to the duration experiment (overnight) which generated products which
changed the local electrochemical interface affecting the quasi-reference electrode potential.

lonic Liquid Effects

We performed further studies to understand if only NTf,™ anions can form surface layer with
Pt electrode. Two other ILs ([Bmim][NTf,] and [Bmim][BF,4]) with different anion or cation
were selected and characterized at identical experimental conditions. Table S1 lists the
cation and anion structure of these two different ILs. In [Bmim][NTf,], the Pt-NTf,- radical
peaks also appeared in the multiple CV experiments similar to those shown in Figure 2a
peak 11/11” in [Bmpy][NTf,]. The cathodic peak at —1.0 V is due to trace oxygen reduction.
The second cathodic peak at —0.8 V in Figure 2a should be attributed to the adsorption of
Bmim™ cation, which also can be observed in [Bmim][BF4] ILs (Figure 2b). The small
anodic peak at —0.1 V in [Bmim][BF,4] (Figure 2b) is due to oxidation of the BF,~ anion.
BF,~ is not as stable and much easier to be oxidized than NTf,~ anion.3” There is no redox
process observed at 0.1 V in [Bmim][BF,4], which further supports the proposed mechanism
that the NTf,™ anion is being oxidized to form Pt—-NTf,- radicals during the anodic potential
scanning in [Bmpy][NTf,]. The anodic and cathodic peak current ratio of peak 11/11" vs
cycle numbers in [Bmim][NTf,] and [Bmpy]-[NTf,] was calculated in order to investigate
the influence of different cations for the redox process of Pt—NTf,- radicals, as shown in
Figure 2c. It was found that different cations will affect the reversibility of the Pt-NTf,-
radical redox process. The /pa/ /e Of peak [1/11" in [Bmim][NTf,] deviated much more from
one than [Bmpy][NTf5,] during the first 20 CV cycles, which was the initial stage of
generating Pt—=NTf,- radicals. This confirmed that the Bmim™* will compete with NTf,
radicals for forming a surface adsorption layer on the Pt electrode.

All the above experiments were performed under anaerobic conditions, although trace
amount of oxygen was present in the CV experiments, as shown in the Figure 1a peak I/1”.
No Pt-NTf,- radicals redox process (Figure 1a peak I1/11") was observed in the ambient
condition (Figure S8), signifying the importance of the anaerobic conditions for the above
processes to occur. Higher concentrations of oxygen can facilitate the oxidation of the Pt
surface to form Pt—O which could hinder the oxidation of NTf,™ and obstruct the formation
of Pt—NTf,- radicals.38 In contrast, NTf,~ anions are well-known for their high
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electrochemical stability in atmosphere condition;14 the anaerobic environment provided an
extreme condition that decreased their electrochemical stability.

Methanol Oxidation by the in Situ Generated Pt—NTf,-Catalysts

Methanol oxidation has been investigated extensively due to its potential application in fuel
cells.#3940 The oxidation of methanol on the platinum surface typically involves the
adsorption of CH30H with successive dehydrogenation as shown in egs 5 and 6.

CH30H — CH3OH(ad) (5)

CHgOH(ad) < CH; OH(ad)+OH(ad) (x=3,2,1) (6)

In aqueous solution, the oxidation of methanol requires a second oxygen atom, which comes
from the splitting H,O (OH intermediate) on the platinum surface. The issues of aqueous
solvent are the high activation potential for forming OH intermediate and the strong
adsorption of CO that decreases the catalytic performance of platinum.#142 To overcome the
poison effect of CO on platinum, one approach is to alloy secondary metals into platinum
and form alloy catalysts.*3 Another approach is to use solvents other than water that can
alter the oxidation process of methanol.44

The /n situ generated Pt—NTf,- radicals were expected to promote the oxidation of methanol
since they have high activity as a catalyst for C-H bond activation.28 Figure 3a is the
multiple CV cycles (-1.4 to 1.4 V) when 0.64% (v/v) of methanol was introduced into
[Bmpy][NTf5] at Pt electrode in a nitrogen environment. The presence of methanol not only
shows oxidation current at potential higher than 1.0 V, it also shows a large redox peak
current at 0 V. The electrochemical behavior in Figure 3a is similar to that of pure [Bmpy]
[NTf5] (Figure 1a). However, detailed charge analysis of redox peaks in Figure 3b suggested
different electrochemical behaviors in the presence of methanol. The peak charge of 11/11”
kept increasing throughout the 50 CV cycles, and the potential shifted from 0.1 V in [Bmpy]
[NTf,] IL without methanol to 0 V in the presence of methanol. The anodic current (/) Vs
cathodic current (/) of peak /11" is much closer to one, which indicated a high
reversibility of the redox process of peak I1/Il” (Figure 3c). Besides the increase of the peak
pair 11/11” at 0 V, there is a new peak appeared at 1.1 V, which should be attributed to the
oxidation of methanol. Peak 11 and peak I1I currents increase with each CV cycle, suggesting
that the active sites of the platinum surface were not blocked by strong adsorption species
like CO, and the oxidation of methanol was promoted by the reaction intermediates in the
IL.

Figure S9 shows the control experiment of methanol oxidation in [Bmim][BF4] IL. The
experimental condition in Figure S9 was strictly following the condition of that in Figure 3a,
allowing the comparison of methanol oxidation in these two ILs. The results show that
without the presence of NTf,™ anion the same concentration of methanol (0.64% v/v) did
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not show any methanol oxidation response in [Bmim][BF,4]. These results have further
confirmed the significant role of NTf,™ anion in catalyzing the oxidation of methanol.

Proposed Methanol Oxidation Mechanisms

Radicals are commonly formed during the redox process in ionic liquids.#>6 For oxidation
of methanol, there are two ways for losing hydrogen to form radicals: losing the hydrogen
attached to oxygen forming -OCHj3 and losing the hydrogen attached to carbon forming
CH,0H. The formation of hydroxymethyl radical -CH,OH (AH, 98.0 kcal/mol) is more
thermodynamically favored than the formation of the methoxyl radical -:OCH3 (AH, 104.1
kcal/mol).#’ Furthermore, hydroxymethyl -CH,OH radicals have an unsaturated carbon and
a greater tendency to bond to the surface. It is also consistent with density-functional theory
(DFT) calculation results, in which the coordination via carbon is more favorable than that
via oxygen.#8 Here methanol was the only analyte present in the [Bmpy][NTf,]; thus, the
oxidation peak at 1.1 V in Figure 4a should come from the oxidation of methanol for
forming hydroxymethyl -CH,OH radicals, and the larger oxidation peak after 1.1 V is due to
methoxyl -OCHj5 radicals. The increased peak I1/11” should be directly related to the radical
transfer between Pt—NTf,- radicals and methanol. The sum of methanol oxidation charge
(peak I11 and peak 111") is equal to the reduction charge obtained from peak II” (Figure 3b),
which shows a relation between the direct oxidation of methanol and the redox process of
Pt—NTf,: radicals. A mechanism of methanol oxidation in the [Bmpy]-[NTf5] is proposed as
follows.

NTf;"+CH30H—e <« -CH;OH+HNTT, (7)

NTf, +CHzOH—¢~ ¢ -OCH; +HNTE,  (8)

Pt—NTf; - +CH3OH(ad) < HPtNTfo+ - CHQOH(ad) 9)

Pt—NTf, - +CH30H(ad) < HPtNTf5+ - OCHg(ad) (10)

HPtNTfo+ - CHQOH(ad)+67 ~ PthTf27+CH30H(ad) (11)

HPtNTfo+ - OCHg(ad)+67 L Pt—NTf27+CH30H<ad) (12)

J Phys Chem C Nanomater Interfaces. Author manuscript; available in PMC 2017 October 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Tang et al.

Page 9

Equation 7 should be accounted for the direct oxidation of methanol at 1.1 V to form
hydroxymethyl -CH,OH since - CH,OH radical is thermodynamically more favorable, and
eq 8 should be directly related to the methoxyl radical -OCHg due to its reported existence as
the majority radical formation during methanol oxidation.#® The much higher peak current
1.4V compared to 1.1 V also confirms the main pathway of eq 8 between -CH,OH and
-OCHj3 radicals (egs 7 and 8) formation. Equations 9 and 10 can be used to explain the
current increase and potential shift of peak I1/11” with the presence of methanol. The
formation of Pt—NTf,- radicals interacted with methanol and formed (-CH,OH/-OCH3)
radicals, which in turn increased the redox reaction of Pt—NTf,- radicals (eq 4). The
increasing peak current of peak I1/Il” indicated the high reactivity of Pt-NTf,: radicals and
their fast interaction with methanol.

The oxidation potential of methanol was investigated by setting different scan potential
windows for the CV, as shown in Figure 4. Figure 4a shows the different anodic and
cathodic potential ranges of CV curve in [Bmpy][NTf,] with 0.5% (v/v) methanol present.
Similar electrochemical behaviors were observed as in pure [Bmpy][NTf;] (Figure S3).
However, in pure IL, the current in peak 11 kept increasing with higher positive potential
since the NTf,™ anion was the solvent and electrolyte, which can provide sufficient supply
during the oxidation potential. In the presence of methanol, an increase in potential produces
more methanol radicals which cause the increase in peak 11/11” due to the shifts of equilibria
described in egs. eqs 9 and 10 that produce more Pt—NTf," radicals. However, the increase of
peak current of peak 11/11” will eventually reach equilibrium since the concentration of
methanol is constant, as shown in Figure 4b. When the potential is higher than 1.8 V, the
radicals (-CH,OH/-OCH3) produced by methanol oxidation reach a maximum that lead to a
stable level of Pt—NTf,- radicals in peak Il at Figure 4a. These results confirm that the
production of methanol radicals is directly related to the anodic oxidation potential and the
concentration of methanol.

Since -OCHpg is the major radical formed during methanol oxidation, the reaction in eq 12
involves -OCH3 radicals should be the main pathway between egs 11 and 12. A scan rate
experiment was performed in the presence of methanol, as shown in Figure S10. The peak
current of peak 11/11” is proportional to the square root of the scan rate, which means the
redox processes of eq 12 are a diffusion-controlled process in the presence of methanol
radicals. This is different from the results in pure [Bmpy][NTf,] IL (Figure S2b), which
confirmed the proposed mechanism in eq 12 that methanol radicals were involved in the
redox process of Pt-NTf,- and did not form strong bonding at Pt electrode such as CO
which poisons the Pt catalyst. The methanol radicals involved in the redox process of Pt—
NTf,: radicals process not only increased the current of peak 11/11” but also increased its
reversibility since the /ya/ fc Of peak /11" is much closer to one in the presence of methanol
(Figure 3c). The Pt-NTf,- radicals here acted as catalysts to facilitate the oxidation of
methanol by reducing the oxidation potential of 1.4 V (eq 8) to 0.1 V (eq 10) to form -OCH3;
radicals.

The above-mentioned reaction paths for methanol oxidation provide a new mechanism that
could have direct application to the oxidation of other molecules. It is well-known that CO
intermediates poison the Pt catalyst which leads to dramatically decrease of catalytic
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activity. However, the oxidation of methanol in our IL system did not show the formation of
CO intermediates that is detrimental to the Pt electrode catalyst. The Pt—-NTf,- radicals not
only serve as intermediates that promote oxidation of methanol for forming methanol
radicals; it also provided a highly reversible redox reaction which can be used for methanol
concentration measurement. Figure 5a shows background subtracted CV of different
concentrations of methanol in the [Bmpy][NTf,] system at an anaerobic environment. As
mentioned before, the 1.1 V is the peak of hydroxymethyl - CH,OH radical formation and
this peak can be used for quantitative determination of the methanol concentration, as shown
in the calibration curve in Figure 5b. The relationship between the current and methanol
concentration at 1.1 V was found to have an excellent linear fit with the calibration equation
shown in Figure 5b. The good linear fit and calibration for methanol detection are evidence
for the intermediates during the electrochemical processes based on the mechanism
proposed.

The sensitivity is 9.03 A/% when peak current at 1.1V was used for calibration curve.
However, if peak Il is used for quantification, the sensitivity of methanol detection increases
to 21.1 4A/%, which is the same as the sensitivity by using peak at potential of 1.4 V (the
formation of -OCHjs radicals in eq 10) for plotting the calibration curve (Figure 5b). The fact
that the sensitivity obtained from peak at 1.4 V is the same as the sensitivity by using peak Il
(eq 4) indicates the oxidation of methanol for forming methoxyl -OCHj3 radicals (eq 8) is the
main reaction between two pathways (formation of -CH,OH and -OCHjs radicals in eqs 7
and 8). Therefore, the redox reactions in peak 11/11” should be contributed from eq 12
(-OCHg5 radical formation) since the sensitivity here is directly related the concentration of
-OCHjs radicals, which is the product of eq 8. The same sensitivity for 1.4 V oxidation and
peak 11 (Figure 5b) further confirms the relationship of radical transferring mechanism (eq
10) between Pt—-NTf,: and methanol.

Selectivity of the Methanol Oxidation by the in Situ Generated Pt—NTf,- Catalysts

Four commonly used organic molecules (ethanol, acetone, hexane, isopropanol) were tested
to study the selectivity of the /n7 situ generated Pt—NTf,- catalyst for methanol oxidation.
0.5% (v/v) of chosen molecule was added into [Bmpy][NTf,], and CV scanning was
performed, as shown in Figure 6a. The acetone, isopropanol, and hexane showed only small
potential shifts and current increase in peak Il, which means these molecules did not readily
react with the Pt—NTf,- radical catalyst at least at the rates that were comparable to
methanol. However, ethanol did show a somewhat larger current response in peak Il. This is
reasonable since the ethanol has similar molecular structure as methanol and can be oxidized
as well in [Bmpy][NTf5], but the much lower peak current also indicates the lower diffusion
of ethanol into Pt surface in the IL due to its larger molecular size. This interpretation is
supported by a recent study that molecular dynamics simulations of ten different pure and
COy, saturated ionic liquids have shown a strong correlation between the ratio of unoccupied
space in pure ILs and their ability to absorb CO,.50

Figure 6b plots the current response at peak Il when the same concentration of analyte was
present; the higher Pt—-NTf,- radical oxidation currents obtained from methanol and ethanol
are consistent with the radical reaction mechanism. The fact that isopropanol/ethanol which
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has the lowest H-bond energy of the alcohols did not readily react is clear evidence that
molecular size and shape are important features in the catalytic process. The unique double
layer structure of [Bmpy][NTf,] provides the selectivity for small molecule such as
methanol.18 Both of the cation and anion of [Bmpy][NTf,] are large with weak electrostatic
cation—anion interaction densities which allow a large number of unoccupied space in the IL
for methanol adsorption but not for larger molecules.>9

CONCLUSION

In this work, we have demonstrated a new approach exploring the reactivity of NTf,™ based
ILs for /n situ generating reactive radicals that can form a platinum adsorbate that catalyzes
the oxidation of methanol in an anaerobic condition. NTf,™ anion was found to be unique in
generating radical catalysts at the platinum electrode. The /n situ generated NTf,- radicals
can be easily controlled by the numbers of potential cycles and the anodic electrode
potential. The Pt—NTf,: radicals were found to catalyze the oxidation of methanol and the
current response of Pt—NTf,- radical was proportional to the concentration of methanol
which can be used as the calibration for methanol detection. In contrast to traditional Pt
catalyst, CO poisoning for methanol oxidation was not present since methanol was only
partially oxidized and formed radicals. We also demonstrated the high selectivity of NTf,-
radicals for methanol oxidation, since low interference from ethanol, acetone, hexane, and
isopropanol is observed which was explained by the size selection of the unique [Bmpy]
[NTf,]-electrode interface structure. This study provides a promising new approach of
utilizing the unique properties of NTfy-based ILs not only as solvents and electrolytes but
also as active mediums to /in situ generate electrocatalysts to enable new methanol oxidation
pathways. The rate and selectivity of a chemical reaction can be controlled by
electrochemical polarization of the electronic conductive catalyst (Pt) in an ionic liquid
electrolyte (i.e., an ionic conductive medium) by cycle numbers and potentials as well as the
choice of the electrode materials and IL electrolytes. The solubility of methanol in many ILs
is also higher than many other solvents. These features can be exploited to increase the
amount of methanol adsorption and the rate of methanol oxidation at the same time. The
high selectivity toward methanol oxidation is very beneficial for the methanol sensor
developments. The new mechanism in which radicals can promote the oxidation of methanol
and avoid the formation of carbon monoxide should also have applications in methanol-
based fuel cell applications. Furthermore, the ILs’ tremendous diversity in structural and
chemical properties will provide the opportunities for other unique IL—electrode interfaces to
be designed for electrochemical catalytic conversion of other hydrocarbons for fuel cell and
sensor applications.
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Figure 1.
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(a) Multiple cyclic voltammetry in [Bmpy][NTf,] ionic liquid, nitrogen environment at Pt
electrode; scan rate: 100 mV s~1. (b) Integrated charge (—0.5 to 0.85 V for peak 11; —0.4 to
0.4V for peak 11”; 0.85 to 1.4 V for peak I11; 0.4 to 1.0 V for peak 111”) at different CV

cycles obtained from (a).
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Multiple CV in (a) [Bmim][NTf,] and (b) [Bmim][BF4] ionic liquid in nitrogen
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environment. Scan rate: 100 mV s~1. (c) Anodic and cathodic peak current ratio (peak 11/11")
in [Bmpy][NTf,] and [Bmim][NTf,] IL.
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Figure 3.
(@) Multiple CV cycles of 0.64% (v/v) methanol in [Bmpy][NTf,] ionic liquid, nitrogen

environment at Pt electrode; scan rate: 100 mV s™1. (b) Integrated charge (—0.5 to 0.75 V for
peak I1; -0.6 to 0.3 V for peak 11; 0.75 to 1.4 V for peak I11; 0.3 to 1.0 V for peak I11")
during different CV cycles obtained from (a). (c) Anodic current (/,5) vs cathodic current
(foc) Of peak /11" in [Bmpy][NTf,] (black) and methanol introduced (red).
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(a) Different positive potential limit of CV scan for 0.5% (v/v) of methanol in [Bmpy][NTf;]
ionic liquid at Pt electrode. Scan rate: 100 mV s~2. (b) Integrated charge plot obtained from
current of peak Il (-0.5t0 0.85 V) in (a).
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(a) Background subtracted CV of different methanol concentration (v/v)% in [Bmpy][NTf,]
IL in nitrogen carrying gas. (b) Calibration curves of methanol in [Bmpy][NTf,] IL in
nitrogen at Pt electrode.
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Figure 6.
(a) CVs for different analytes with 0.5% (v/v) concentration in [Bmpy][NTf,] IL in nitrogen

at Pt electrode. (b) Current plot obtained from peak Il in (a).
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